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Whispering gallery modes (WGMs), circulating modes near the surface of a spheroidal material,
have been known to exhibit high quality factors for both acoustic and electromagnetic waves. Here,
we report an electro-optomechanical system, where the overlapping WGMs of acoustic and optical
waves along the equator of a dielectric sphere strongly couple to each other. The triple-resonance
phase-matching condition provides a large enhancement of the Brillouin scattering only in a single
sideband, and conversion from the input radio-frequency signal exciting the acoustic mode to the
output optical signal is observed.
PACS numbers: 77.65.Dq 78.35.+c 07.07.Mp 42.79.Jq
A whispering gallery mode (WGM), first modeled by
Lord Rayleigh for the acoustic waves swirling around
a spherical dome, has led to a wide range of develop-
ments in the field of optics. A recent development in the
surface preparation techniques resulted in an ultrahigh-
Q microresonators exceeding Q = 1010 [1]. Further-
more, a small mode volume of the WGM has significantly
contributed to the progress, such as microlasers [2, 3],
nonlinear optics [4, 5], and cavity quantum electrody-
namics [6, 7]. Optical WGMs can also couple coher-
ently to phonons in the host medium by radiation pres-
sure and photostriction. WGM-based optomechanical
systems have been used for the demonstrations of the
radiation-pressure-induced parametric-oscillation insta-
bility [8], Brillouin lasing [9], optomechanically-induced
transparency [10], and cavity cooling near the quantum
ground state [11]. Among different mechanical modes,
Rayleigh-type surface acoustic wave (SAW) modes also
propagate along the equator of the spheroid. Thermoe-
lastic excitation of these modes were first observed [12],
and optomechanics of the acoustic WGM [13] is theo-
retically studied [14]. Realization of stimulated acoustic
WGM excitation [15] and Brillouin cooling [16] are also
reported. In these experimental studies, only thermal or
optically stimulated phonons have been exploited.
One of the anticipated applications of such photonic
hybrid systems is coherent conversion of the electromag-
netic waves at various energy scales [17–19]. A broad-
band and efficient photon converter can be used as a
powerful tool such as a quantum-limited detector of low-
frequency signals and a quantum transducer. High-Q
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optical WGMs have been used for electro-optic modula-
tors (EOM). An EOMwith a lithium niobate (LN) WGM
resonator combined with a three-dimensional microwave
dielectric cavity is studied to show a photon conversion
efficiency η = 10−3 [20]. A similar EOM with a lumped-
element superconducting resonator with an aluminum-
nitride optical WGM has shown an internal conversion
efficiency of 25.9% [21]. Electro-optomechanical pho-
ton converters, including a high-stress membrane [22],
photonic-phononic crystals [23–25], and surface acoustic
waves [26], are also studied extensively.
In this Letter, we report an electro-optomechanical sys-
tem, where WGMs for both acoustic and optical waves
are exploited. The piezoelectricity of a dielectric sphere
allows direct excitation of a high-Q acoustic WGM at
radiowave frequency (RF). An optical WGM is simul-
taneously excited and a high conversion ratio between
the input RF signal and scattered optical signal is ob-
served. This unique geometry allows an phase-matching
between the acoustic and the two optical WGMs with a
large difference in the azimuthal mode number. Addi-
tionally, temperature tuning allows to fulfill the triple-
resonance condition between an acoustic and two opti-
cal WGMs, resulting in stark discrimination between the
Stokes (ST) and anti-Stokes (AS) scattering processes.
The architecture of the RF-to-optical conversion is il-
lustrated in Fig. 1(a). An RF signal from the external
circuit excites the acoustic WGM (green), through the
piezoelectric effect, with an external coupling rate Γex.
The resulting SAW excitation scatters the incoming pho-
tons in the pump optical mode (orange) to the signal op-
tical mode (red) via photoelastic coupling g = g0
√
Np,
where g0 and Np are the single photon coupling strength
and the intra-cavity pump-photon number, respectively.
The signal photon, then, decays out of the cavity with an
external coupling κex. As described in details in the Sup-
plementary Material (SM) [27], the photoelastic coupling
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FIG. 1. (a) Schematic architecture of the RF-to-optical con-
version. An RF signal excites the SAW mode through Γex.
The excited phonons are converted to the signal optical mode
and extracted via κex. The optical field in the pump mode en-
hances the coupling strength by
√
Np. Note that in reality all
the WGMs are on the same sphere. (b) Experimental setup:
An RF signal from a network analyzer is input to the inter-
digitated transducer (IDT) patterned on a quartz substrate
to excite the acoustic WGM. Optical inputs are introduced to
the sphere through a rutile (TiO2) prism. The output optical
signals for the TE and TM modes are monitored by different
photodiodes. A part of the TM mode output is mixed with
an optical local oscillator (LO) for the heterodyne detection
of the output signal. The heterodyne signal is analyzed with
the network analyzer and a spectrum analyzer. (c) Calculated
acoustic displacement (left) and electric field (right) profiles
for the acoustic and optical WGMs, respectively [27]. The
ratio between the vertical and horizontal scales is altered for
visibility. The difference of the spatial profiles between the
TE and TM optical modes is negligible.
strength can be derived as
g0 =
∑
i,j,k,l
√
h¯ωpωs
8ρΩ
∫
drnpnspijklEpi(~r)E∗sj(~r)∇lUk,
(1)
where the integral is taken over the entire sample volume,
pijkl is the photoelastic constant, and Epi and Esj are the
electric field amplitudes of the pump and signal optical
modes with the refractive indices np and ns and polar-
ization direction i and j, respectively. The displacement
amplitude of the SAW in the direction k is denoted as Uk.
ωp, ωs, and Ω are the frequencies of the optical pump,
optical signal and SAW modes, respectively. ρ and h¯ are
the material density and Planck constant divided by 2π,
respectively.
Efficient conversion requires a good mode overlap of
the three WGMs and the phase-matching of these trav-
eling waves along the equator on the sphere [14]. In
general, there are two approaches to fulfill the phase-
matching condition, (i) using two optical modes of differ-
ent spatial profiles, and (ii) using dielectric birefringence,
which results in different refractive indices for two opti-
cal modes. In our experiment, as discussed in SM [27],
it is convenient and effective to choose the latter phase-
matching scheme.
For the co-propagating SAW and two optical modes,
the phase-matching condition is provided as the momen-
tum and energy conservation, reading,
ks(ωs = ωp ± Ω) = kp(ωp)±K(Ω), (2)
where kp, ks, and K are the wavenumbers of the optical
pump, optical signal and SAW modes, respectively. The
plus and minus signs in Eq. (2) refer to the AS and ST
processes, respectively. In a birefringent material with
ns 6= np, the phase-matching condition sets the SAW
frequency,
Ω = ± (ns − np)vSAWωp
c− nsvSAW
≃ ±(ns − np)vSAW
c
ωp, (3)
where vSAW is the velocity of the SAW and c is the
speed of light in vacuum [27]. For a given set of np
and ns, one of the SAW frequencies is negative and
non-physical. This discrimination is often referred to
as phase-matching-induced symmetry breaking [28] and
plays a key role in our system. In order for the dis-
crete set of WGMs to fulfill the phase-matching condi-
tion above, an extra constraint is enforced on the respec-
tive azimuthal mode numbers, M , mp, and ms, for the
SAW mode and the pump and signal optical modes. The
phase-matching condition with the triple-resonance now
reads
Ω = |ωp − ωs|, (4)
M = |mp −ms|, (5)
which amounts to the energy and angular momentum
conservation of the entire WGM system [27].
A sketch of the experimental setup is shown in
Fig. 1(b). Our sample is a monocrystalline LN sphere
with a diameter of 3.3 mm. These samples have been
used previously for the demonstration of the high-Q
Rayleigh-type SAW mode [29]. For maximizing the cou-
pling strength, we use the fundamental radial and polar
modes of the SAW and two optical modes, as shown in
Fig. 1(c). The cross-sectional spatial profile of the SAW
mode is large and nearly uniform in the extent of the
optical modes. The interdigitated transducer (IDT) for
the SAW excitation is made of aluminum on a quartz
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FIG. 2. WGM spectra of SAW and optical modes. (a) Radio-
frequency reflection spectrum of the SAW resonator. (b) Op-
tical transmission spectra of the TE mode (orange) and TM
mode (red). The TE mode spectrum is offset vertically by
1. Horizontal arrows show the free spectral ranges (FSR) of
each WGM mode, FSRSAW = 358 kHz, FSRTE = 13.0 GHz,
and FSRTM = 12.6 GHz. Dips at the edges of the horizontal
arrows are the WGMs used in the experiment. The frequency
detuning in the horizontal axis is defined from the TE mode
used as a pump mode in the experiment.
substrate, with the single electrode width, as well as the
spacing in between electrodes, of 3.5 µm. The IDT ex-
cites both co- and counter-propagating SAW modes with
respect to the optical pump. The SAW spectra obtained
in a S11 measurement is shown in Fig. 2(a).
Next, we couple lasers into the LN sphere with a rutile
(TiO2) prism. Due to the birefringences in LN (ns =
2.233 and np = 2.156) and TiO2, the ouput beams of
the optical WGMs are naturally separated for the TE
and TM modes. We perform optical WGM spectroscopy
for both TE and TM polarizations simultaneously. The
obtained spectra are shown in Fig. 2(b). For the sample
used in the transduction experiment, we measure Γin/2π
= 49.7 kHz and Γex/2π = 55 Hz for the SAW mode,
and κin/2π = 80.4 MHz and κex/2π = 13.5 MHz for the
signal optical mode (TM mode). For the pump optical
mode (TE mode), we measure the internal and external
coupling rate γin/2π = 9.3 MHz and γex/2π = 66.8 MHz.
For the transduction experiment, we first determine
the laser wavelengths and the sample temperature to at-
tain the triple-resonance condition, where the TE and
TM modes are separated by the calculated SAW fre-
quency Ω/2π ∼ 276 MHz [Fig. 3(a)]. We observe two
modes crossing each other at T = 24.3 ◦C at λopt =
1035.2 nm. To look for the transduction signal, we use
the TE mode as an optical pump, and monitor the TM
output signal with a photodiode, while exciting the SAW
resonance with an RF signal. We perform two dimen-
sional scan of the RF input signal and the sample tem-
(a)
(b)
(c)
Te
m
p
e
ra
tu
re
 (
C
o
)
In
te
g
ra
te
d
tr
a
n
sd
u
c
o
n
si
g
n
a
l 
(a
.u
.)
|
S
1
1
|
1.000
0.999
0.998
23.0
23.5
24.0
24.5
25.0
0
1
Frequency (MHz)
Frequency detuning (GHz)
273.0 273.5 274.0 274.5 275.0 275.5
3210-1-2-3
M=768
TM
TE
SAW
FIG. 3. Tuning the triple-resonance condition. (a) Frequen-
cies of a particular set of TE (orange) and TM (red) modes
at different sample temperatures. We observe the crossing
temperature of 24.3 ◦C. (b) RF reflection spectrum S11 of
the SAW modes. The deep dips observed periodically corre-
spond to the fundamental modes of acoustic WGMs. (c) Inte-
grated transduction signal for temperatures between 23.0 ◦C
to 26.0 ◦C with the step of 0.1 ◦C. as a function of the RF
drive frequency. A clear signal is seen only at at the SAW res-
onance with index M = 768, indicating the triple-resonance
condition.
perature. An example of the observed S11 signal ex-
hibiting the acoustic WGM frequencies and the trans-
duction signal spectrum integrated for all the temper-
atures are shown in Figs. 3(b) and 3(c), respectively.
We observe a transduction signal at SAW resonance
Ω/2π = 274.3 MHz, with the estimated azimuthal num-
ber of M = 768. Small unexpected signals at 273.6 and
274.9 MHz are observed. We presume a weakly coupled
higher-index modes of the TM WGM as the origin of the
signal.
After the identification of the triple-resonance condi-
tion, we lock the RF drive frequency to M = 768 res-
onance and repeat the temperature scan for the hetero-
dyne detection, where we monitor the TM output sig-
nal at the sidebands of the input laser, ωp ± Ω. Color
maps of the observed signals are shown in Figs. 4(a)
and 4(b). The strong signals of the ST and AS side-
bands are obtained at different temperatures. Cross-
sections of the color maps at the maximum signal for
the AS (blue dashed line) and ST (red dashed line) sig-
nals are shown in Figs. 4(c) and 4(d), respectively. A
large discrimination between the ST and AS signals is
observed. A qualitative understanding of the observed
signal sequence is depicted in Figs. 4(e) and (f). The sig-
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FIG. 4. Stokes (ST) and anti-Stokes (AS) signal strength at
different temperature for the SAW resonance of 274.3 MHz.
(a) and (b) shows the colormap of the heterodyne signal
strength as a function of the temperature and detuning from
the input laser frequency. As the sample temperature is in-
creased, the ST sideband appears first and then the AS side-
band follows. (c) and (d) are the cross-sections of the color
map at the temperatures indicated with blue and red dashed
lines in (a) and (b), respectively. Linewidth of the hetero-
dyne signals are broadened by the measurement bandwidth.
(e) and (f) A qualitative description of the observed signal
sequence. (e) The WGM resonance, denoted as dots, first ful-
fill the triple-resonance phase-matching condition for the ST
process. (f) As the temperature is further increased, the AS
process is phase-matched. It is important to note the propa-
gation direction of the SAW involved in the two processes are
opposite.
nal and pump optical WGM resonances lie along the dis-
persion curve for each mode and move with the sample
temperature. When the sample temperature increases,
the phase-matching condition [Eqs. (4) and (5)] for the
ST process is first fulfilled [Fig. 4(e)]. As a tempera-
ture of the system further increases, the WGM resonance
frequencies decrease at different rates for the two opti-
cal modes. As a result, the AS resonance condition is
fulfilled at a higher temperature as shown in Fig. 4(f).
Two signals originate from the Brillouin scattering by
different SAW modes: Since the pump mode has a lower
wavenumber, the scattering processes have to increase
the wavenumber for both cases. Thus, the AS (ST)
scattering process is phase-matched only with the co-
propagating (counter-propagating) SAW mode. We also
performed the same scan with the TM mode being the
input pump and observed the reversed sequence of the
sideband appearance [27].
From the output signal power and the system param-
eters, we determine the cooperativity of the system and
the RF-to-optical conversion efficiency. The cooperativ-
ity is defined as, C = 4g20Np/(κΓ), where Γ and κ are the
total dissipation rates of the SAW mode (Γ = Γin +Γex)
and the signal optical mode (κ = κin + κex), respec-
tively. The intra-cavity photon number is given as Np =
4Pinγex/(h¯ωpγ
2), where γ = γin+γex, for the input opti-
cal power Pin. As derived in the SM [27], the conversion
efficiency η can be expressed in terms of the cooperativity
C in a simple form
η =
κex
κ
Γex
Γ
4C
(1 + C)2
. (6)
We measure the maximum conversion efficiency of η =
1.2× 10−6, with the cooperativity C = 2.0× 10−3 at the
optical input pump power of 372 µW. The single photon
coupling strength is determined as g0/2π = 12 Hz, which
is lower than a numerical estimate of g0/2π = 24.5 Hz
using the photoelastic constant of LN, |pijkl | = 0.11.
As discussed in detail in the SM [27], there is a large
margin for the improvement of the system. The main
bottleneck of the current system is definitely at the RF
input. A geometrical mismatch of the sphere and the flat
IDT resulted in the weak external coupling Γex/2π =
55 Hz with Γex/Γ ratio of 1/1,100. One can fabricate
airbridge IDTs directly on the sphere to enhance the ex-
ternal coupling while retaining the high Q-factor of both
the acoustic and optical WGMs. We estimate the ex-
ternal coupling enhancement of at least a factor of 10.
The IDT with an unidirectional excitation can also en-
hance the performance by a factor of 2. Additionally, the
geometrical modification of the sample can significantly
improve the performance by choosing a smaller sphere or
to utilize a disk-type resonator for a further reduction of
the WGM volume [30]. Assuming Qopt = 5 × 107 and
QSAW = 5 × 104, which we routinely observe, and the
modifications above for the LN sphere with a diameter
330 µm, we expect C ∼ 1 and η = 6.9 × 10−2 for the
optical pump power of 3 µW. A particular importance of
this system lies in the high quality factors obtained by
WGMs, despite the large sample size compared to other
mechanical systems. Even with a relatively large sample
size, which results in a small coupling g0, a large intra-
cavity photon number Np in a high-Q optical WGM can
compensate to attain a large C with a little optical pump.
The small input power could be a large advantage in the
dilution refrigerator environment, where an excess of the
stray photons will be detrimental. The triple-resonance
condition, which we attained by the temperature con-
trol, could also be achieved by a pressure-induced fre-
quency shift of the WGMs. Further investigation with
these improvement could be an important step towards
5a realization of a unit-efficiency coherent electro-optical
conversion.
In summary, we developed an electro-optomechanical
system comprises of acoustic and optical WGMs. A di-
rect excitation of the SAW on the WGM was realized
with an external IDT. Under the triple-resonance condi-
tion, a large enhancement of the RF-to-optical conversion
was observed.
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Appendix A: Experimental Setup
The LN sphere used in the experiment is originally developed for the SAW-based gas sensor [31] and gas chromatog-
raphy [32] and has a high sphericity and surface quality. Both the acoustic and optical WGMs of interest lie along
the equator of an LN sphere with the c-axis of the crystal being the polar axis. A rough estimate of the c-axis of the
lithium niobate (LN) sphere is pre-performed before mounting with a conoscopic interferometric method. The LN
sphere is glued on a stainless rod and is mounted on a sample holder consisting of a goniometer and three-axis transla-
tion stages along with a peltier module for the temperature control. After mounging the sample, the c-axis orientaion
is further adjusted by sending a polarized laser through the center of the sphere and minimizing the polarization
rotation on the transmitted laser.
After the sphere orientation adjustment, an interdigitated transducer (IDT) for the SAW excitation is prepared for
the SAW excitation. An IDT made of aluminum is pattered on a quartz substrate. The single-electrode width, as well
as the spacing between electrodes, is 3.5 µm, designed for the SAW frequency of approximately Ω/2π = 270 MHz. The
IDT substrate is mounted and wire-bonded to an IDT holder with a SMA connector, which is connected to a network
analyzer. When the IDT is placed near the sphere surface, the SAW signal appears on the reflection spectrum. IDT
misalignment causes the excitation of the higher-index (polar) modes, showing up as sub-peaks of the main SAW
signal. The alignment, including the tilt and vertical position of the IDT, is adjusted to minimize the higher-index
mode signals.
The piezoelectric coupling has 6-fold symmetry with respect to the rotation along the c-axis. An example of the
reflection signal spectrum and the signal strength with respect to the sphere rotation angle are shown in Fig. A1.
We optimize the sphere rotation angle by maximizing the depth of the SAW resonance signal. The maximum Q-
factor obtained for the SAW mode is 7.3 × 104, which is close to the air damping limit previously reported for LN
[33, 34]. We also observe the free spectral range (FSR) of 357.50 kHz, from which we determine the SAW velocity
vSAW = 3706 m/s.
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FIG. A1. IDT alignment. (a) S11 signal obtained during the IDT alignment. The external coupling of the acoustic WGM can
be obtained from the magnitude of the dip in the signal. (b) S11 dip magnitude as a function of the crystal rotation along the
c-axis. The IDT is placed at one of the 6-fold external coupling maxima.
Next, we couple lasers into the LN sphere by a prism. The refractive indices of TE and TM modes in the sphere are
large (nTE = 2.156 and nTM = 2.233). Thus, we have only a few options for the prism material. The prism we use
6is made of rutile (TiO2), with 60-60-60 degree cut, mounted on a translation stage. The input and output beams for
the WGMs (TE or TM) are separated in angle respectively, and two photodetectors are used to monitor the output
signals from the WGMs.
Different optical WGMs can be identified by varying the input laser incident angles and monitoring the output
angles and the beam shapes [35]. Following the previous studies on WGM, we also describe the mode assignments
with radial, polar, and azimuthal quantum numbers, q, l, and m, respectively. The input lasers are adjusted to
optimize the coupling to the optical WGMs with q=1 and l = m. During the transduction experiment with the TE
mode being the optical pump mode, we monitor the TM output signal on the photodetector.
A part of the TM output beam is sent to a polarization maintaining fiber, mixed with an optical local oscillator
signal, which is derived from the same laser used as a pump beam, but offseted by −80 MHz with an AOM, for
the heterodyne detection. The heterodyne detection with an offset laser allows us to discriminate the Stokes and
anti-Sotkes signals on the spectrum analyzer.
Appendix B: RF and Optical Calibration
RF loss in the cable, connectors, and IDT are measured and calibrated by monitoring the reflection spectra (S11)
away from the SAW resonance. Placing an optical prism introduces an extra damping of the SAW, and hence
increases the internal loss. As mentioned in the main text, the IDT–SAW coupling is largely undercoupled and the
linewidth of the SAW resonance is nearly the intrinsic linewidth of the SAW. SAW resonance profiles with the IDT
only (without an optical prism) and with the optical prism, as in the transduction experiment, are shown in Fig. A2.
We measure the loaded Q-factor of Q = 1.85 × 104 and 5.5 × 103, respectively, with the corresponding SAW decay
rate of Γ/2π = 14.8 kHz and 49.7 kHz.
External coupling rate Γex/2π = 55 Hz is obtained from fitting the depth of the S11 signal and the total loss rate
Γ. The weak external coupling can be understood with the following formula, given as a function of the resonator
parameters [36],
Γex =
5.74vSAWZcǫK
2WN2Ω
L
, (A1)
where Zc is the impedance of the IDT drive port, ǫ and K
2 are the dielectic constant and piezoelectric coupling
strength of LN, respectively. W , L, and N are the width and length of the SAW resonator, and the number of the
pairs of IDT electrodes, respectively. In an acoustic WGM, a tight confinement (small W ) along with a relatively
large cavity length L results in a weak external coupling.
With our device parameters (λSAW = 14 µm, Z = 50 Ω, ǫ = 4.6 × 10−4, K2 = 0.02, W = 60 µm, L = 10 mm,
Ω/2π = 274 MHz), we calculate a single-pair IDT external coupling of Γex/2π = 98 Hz. This calculation is consistent
with the measured external coupling strength and the large geometrical mismatch between the flat IDT substrate and
the spherical LN sample. We presume only a pair of IDT electrodes is effectively participating in the excitation and
also the air gap between the IDT and the sample diminishes the coupling further.
For the optical calibration, the optical power at various location of the the individual paths for the TE and TM
polarization is measured to incorporate the losses. The rutile prism used for the optical WGM coupling is uncoated
and a surface reflection could be as large as 20%. We measure the power differences between the input and output of
the prism for both polarizations to calibrate for a large reflection. All the photodetectors are calibrated by inserting
a laser with a known power measured with an optical power meter. Moving the prism with respect to the sphere
allows to vary the external optical coupling. We measure the internal optical loss rate κin by either, (i) moving the
prism away and measure the largely undercoupled optical linewidth, or (ii) identifying the critical-coupling condition
by moving the prism to find the largest absorption on the transmission signal.
The maximum Q-factor obtained for the optical WGMs is 1.08 × 108, near the absorption limit of the material
[37]. The internal optical decay rate γin/2π = 9.3 MHz and κin/2π = 80.4 MHz are obtained for the TE and TM
modes, respectively. The second procedure mentioned also helps identifying the spatial matching of the input laser by
observing the depth of the absorption at the critical-coupling condition. We determined the spatial mode matching
between the input laser and the optical WGM to be 0.33 for our experiment.
Appendix C: Phase-Matching Condition and Triple-Resonances
For the co-propagating SAW and pump optical modes, the phase-matching conditions (momentum and energy
conservation) for the Brillouin scattering require,
ks = kp ±K, (A1)
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FIG. A2. SAW linewidth measurement. (a) SAW reflection signal with the IDT only, (b) SAW reflection signal when the
optical prism is introduced. The red lines are the Lorentzian fittings.
ωs = ωp ± Ω. (A2)
The plus and minus signs corresponds to the anti-Stokes and Stokes processes, respectively. Rewriting the momentum
conservation in terms of frequencies using the dispersion relations, ωk =
c
n for the optical modes and
Ω
K = vSAW for
the SAW mode, and substituting Eq. (A2), the phase-matched SAW frequency reads,
Ω = ± (ns − np)vSAWωp
c− nsvSAW . (A3)
Similarly, for the counter-propagating SAW and pump optical modes, the phase-matched SAW frequency is gives as,
Ω = ∓ (ns − np)vSAWωp
c+ nsvSAW
. (A4)
Once the pump optical frequency ωp is set, the material constants solely determines the phase-matching SAW
frequency. For the current experiment, we calculate Ω/2π = 276 MHz with the refractive indices ns = 2.233 and
np = 2.156, the SAW velocity vSAW = 3706 m/s, and the pump optical frequency ωp/2π = 2.9 × 1014 Hz. The
negative SAW frequency, for a given set of refractive indices (ns and np), indicates a non-physical solution. For our
experiment with ns > np, only the anti-Stokes (Stokes) process for the co-propagating (counter-propagating) SAW
and optical pump is allowed. Additionally, the WGM resonance condition also requires,
miλi = 2πR, (A5)
where mi = ms, mp, M are the azimuthal mode numbers and λi = λs/ns, λp/np, λSAW are the wavelengths, of
the signal optical WGM, the pump optical WGM, and the acoustic WGM, respectively. Substituting Eq. (A5) to
Eq. (A1), the phase-matching with the triple-resonance condition now reads,
M = |mp −ms|. (A6)
For the current experiment with the TE (TM) mode being the pump (signal) mode, the birefringence of LN defines
the relative magnitude of wavenumbers,
ks > kp ≫ K. (A7)
As described in the main text, we perform the transduction experiment with the input laser, pump laser, locked on
either the TE or TM mode. In order to fulfill the triple-resonance condition, Ω = |ωp−ωs|, we control the temperature
of the LN sphere to tune the relative frequency difference between the pump and signal optical WGMs. Fig. A3 shows
the temperature dependence of the actual TE and TM spectra. In the main text, only the resonance frequencies with
respect to the sample temperatures are plotted in Fig. 3(a). We obtain the temperature dependence of the resonance
shift of −2.76 GHz/K and −1.77 GHz/K for the TE and the TM modes, respectively, with a differential shift of
0.99 GHz/K. The resonance frequencies for the two WGMs coincide at approximately 24.3 ◦C.
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FIG. A3. Tuning the triple-resonance condition. TE (orange) and TM (red) mode spectra at different sample temperatures.
Both spectra are obtained at the same temperature with an increment of 0.2 ◦C and TM signal is offset by +0.1 ◦C to avoid
overlap. Light-orange and light-red straight lines are guides to the eye to indicate the positions of the fundamental TE and
TM resonances. We observe the crossing temperature of 24.3 ◦C.
Colormaps of the heterodyne signal at the blue (red) sideband, corresponding to anti-Stokes (Stokes) process are
shown in Fig. A4. Fig. A4(a) is the same data as Fig. 4(a) and 4(b) in the main text. In the experiment, the TM
mode resides on the red side of the TE mode at lower temperature and shift to the blue side near 24.3 ◦C as the
temperature is increased [Fig. 3(a) in the main text]. With the TE mode being the pump [Fig. A4(a)], the heterodyne
signal first appears as the Stokes signal and the anti-Stokes signal follows as the temperature is increased. For the
TM mode being the pump [Fig. A4(b)], the role of two optical WGMs switches and the anti-Stokes signal is observed
at a lower temperature.
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FIG. A4. Heterodyne signal with different optical pump modes. (a) TE mode as the pump mode. (b) TM mode as the pump
mode. The two data sets are taken with different temperature resolutions.
Appendix D: Photoelastic Effect
Photoelastic effect can be described as a change of the system energy due to the variation of the permittivity ∆ǫij
resulting from the elastic deformation, provided as,
9∆U =
∑
i,j
ǫ0
2
∫
dr∆ǫijE1i(~r)E2j(~r)
=
∑
i,j,k,l
− ǫ0
2
pijkl
∫
drn2in
2
jE1i(~r)E2j(~r)
∂uk(~r)
∂xl
, (A1)
where the integral is taken over the entire sample volume. pijkl is the photoelastic constant, E1i and E2j are the
electric field amplitude of modes 1 and 2 with polarization directions i and j, and corresponding refractive indices
ni and nj, respectively. uk is the displacement amplitude of the elastic wave in the direction k. ǫ0 and h¯ are
vacuum permittivity and Planck constant divided by 2π, respectively. Defining the operators for the electric fields
and mechanical displacement as
Eγi(~r) =
√
h¯ωγ
2ǫi
[Eγi(~r)aγ(t) + E∗γi(~r)a†γ(t)] (A2)
uk(~r) =
√
h¯
2ρΩ
[
Uk(~r)b(t) + U
∗
k (~r)b
†(t)
]
, (A3)
where aγ and b are the creation operators of the optical mode γ and the mechanical mode. ωγ and ǫi are the angular
frequency of the optical mode γ and the permittivity of the polarization direction in i, respectively. ρ and Ω are
the material density and the mechanical angular frequency, respectively. The normalization constants for the electric
fields and mechanical displacement follows normalization conditions,∑
i
∫
dr Eγi(~r)E∗γi(~r) = 1 (A4)
∑
k
∫
drUk(~r)Uk(~r)
∗ = 1. (A5)
In the current experiment, one of the optical mode is a pump mode with a large field amplitude, allowing a
replacement
aˆp(t)→ αp(t) =
√
Np e
iωpt, (A6)
where αp is a c-number whose magnitude is equal to a square root of the intra-cavity photon number Np in the mode.
Substituting Eqs. (A2) and (A3) to Eq. (A1), eliminating the counter rotating optical terms (aˆsaˆp and aˆ
†
saˆ
†
p), we
obtain an interaction Hamiltonian,
Hint = −h¯g0
√
Np (aˆse
−iωpt + aˆ†se
iωpt)(bˆ + bˆ†), (A7)
where a single photon coupling strength g0 is
g0 =
∑
i,j,k,l
√
h¯ωpωs
8ρΩ
∫
drnpnspijklEpi(~r)E∗sj(~r)
∂Uk(~r)
∂xl
. (A8)
One can calculate the single photon coupling strength above, using the approximate spatial distribution of the
optical (Eγi) and acoustic (Uk) WGMs in a sphere, given by [14, 38],
Eγi(r, θ, φ) = Eγi0Ai
(
21/3m2/3(R − r)
R
− ζq
)
e−mθ
2/2Hp(
√
mθ) eimφ (A9)
Uk(r, θ, φ) = Uk0
(
e−K(R−r) − 1.84e−0.3K(R−r)
)
e−Mθ
2/2Hp
(√
Mθ
)
eiMφ, (A10)
where Eγi0 and Uk0 are the normalization constants for optical field and SAW displacement field, respectively. R is
the radius of the sphere, Hp and Ai are Hermite polynomial of order p and airy function, respectively. q, p = l−m (or
p = L−M for SAW), m (or M) are the radial, polar, an azimuthal mode number of the WGMs. ζq is the q-th zero
of the airy function. In the current experiment, we use fundamental radial and polar WGM modes with q = p = 1
(ζ1 ∼ 2.338). As shown in Fig. 1(c) of the main text, the cross-sectional spatial profile of the SAW mode is large
10
and nearly uniform in the extent of the optical modes. Choosing two orthogonal optical WGMs with different spatial
modes, instead, results in nulling the integral in Eq. A8, which leads to a small photoelastic coupling.
Defining the c-axis of the LN sphere to be z-axis, the stain components Skl =
1
2
(
∂uk
∂xl
+ ∂ul∂xk
)
relevant to the current
experiment are S1, S2, and S6, using contracted notation where 11 → 1; 22 → 2; 33 → 3; 23, 32 → 4; 31, 13 →
5; 12, 21 → 6. Similarly, relevant photoelastic constants pijkl are p41, p42, and p56, also written in the contracted
notation, with all of them having the same constant value |p| = 0.11. We numerically calculate the single photon
coupling strength g0 with respect to the sphere radius, and the results are shown in Fig. A5. pijkl = 0.11 is used for
the photoelastic constant. Different color lines show the coupling strengths for different strain components denoted in
the legend. A sharp dip in one of the strain component arises from nulling of the overlap integral between the optical
and SAW radial modes. We estimate g0/2π = 24.5 Hz from the biggest contribution (yellow line) for our current
sample.
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FIG. A5. Numerical calculation of g0 as a function of the sphere diameter D. Separate lines show the coupling strength
calculated from different strain components of the SAW.
Appendix E: Conversion Efficiency
FIG. A6. Architecture of the RF-to-optical converter. An optical WGM mode aˆ and acoustic WGM bˆ with corresponding
resonance frequencies ωo and Ω, are coupled via photoelastic coupling with single photon coupling g0. Each cavity is associated
with the internal and external coupling rates, κin and κex for the optical mode and Γin, and Γex for the SAW mode, respectively.
The itinerant RF and optical modes in and out of the cavity modes are denoted as aˆin, aˆout, bˆin, and bˆout.
The architecture of the RF-to-optical converter is depicted in Fig. A6. Using the interaction Hamiltonian, Eq. (A7),
and moving into a rotating frame of h¯ωpaˆs
†aˆs under the rotating-wave approximation, the system Hamiltonian now
reads with replacing the signal optical mode operator aˆs with aˆ,
H = h¯∆aˆ†aˆ+ h¯Ωbˆbˆ† − h¯g0
√
Np (aˆ
†bˆ+ aˆ†bˆ), (A1)
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where ∆ = ωo − ωp.
According to the derivation in Ref. [39], the optical and SAW cavity modes follow the equations of motion in the
Fourier domain,
aˆ(ω) = χo(ω)
[
−√κex aˆin(ω)− igbˆ(ω)
]
, (A2)
bˆ(ω) = χm(ω)
[
−
√
Γex bˆin(ω)− igaˆ(ω)
]
, (A3)
where the susceptibility χo(ω) and χm(ω) are defined as
χo(ω) =
1
−i(ω −∆) + κin+κex2
, (A4)
χm(ω) =
1
−i(ω − Ω) + Γin+Γex2
. (A5)
We focus on the RF-to-optical conversion efficiency and solving the equations of motion with the boundary conditions
aˆout(ω) = aˆin(ω) +
√
κex aˆ(ω), (A6)
bˆout(ω) = bˆin(ω) +
√
Γex bˆ(ω), (A7)
the RF input and optical output modes can be derived as
bˆin(ω) = ig
√
κin
Γex
χo(ω)aˆin(ω)− 1√
Γex χm(ω)
[
1 + g2χo(ω)χm(ω)
]
bˆ(ω), (A8)
aˆout(ω) = [1− κexχo(ω)] aˆin(ω)− ig√κex χo(ω)bˆ(ω). (A9)
We neglect the noise coming in from the optical input port aˆin, a photon conversion efficiency η is given by,
η =
∣∣∣∣
〈
aˆout
bˆin
〉∣∣∣∣
2
(A10)
=
κexΓexχ
2
o(ω)χ
2
m(ω)g
2
[1 + g2χo(ω)χm(ω)]2
. (A11)
In terms of cooperativity factor C = 4g
2
κΓ , the conversion efficiency at the resonance condition ωo − ωp = Ω now
reads
η =
κexΓex
κΓ
4C
(1 + C)2
. (A12)
Appendix F: System Improvement
The system could be miniaturized to further confine the acoustic and optical WGMs to enhance the coupling. A
current polishing technologies allow to fabricate sub-millimeter crystalline microresonators with extremely high-Q.
A magnesium fluoride WGM resonator with the diameter of 700 µm and intrinsic Q-factor exceeding 109 has been
fabricated [40]. We discuss a improvement of the system parameter with a LN microresonator with the diameter of
330 µm, 1/10 of the size of the current LN sphere.
We numerically calculate the photoelastic coupling g0/2π = 2.0 × 102 Hz for this microresonator. The Q-factor
of the resonator should not be decreased with the current polishing technology and is expected to remain as high as
Q = 5× 107, which we routinely measure with the current system.
One of the bottlenecks in the current system is the weak piezoelectric coupling arising from the geometrical mis-
match between the flat IDT substrate and spherical sample. Our analysis shows that only a pair of IDT electrodes
participating in the SAW excitation in the current system. IDTs have been fabricated directly on a sphere, or on
a concaved substrate with a microbeads spacer [29, 41]. The airbridge fabrication technique can be incorporated to
prepare non-contact IDTs few hundreds of nanometers above the equator of the sphere. As the air-gap widens, to
ensure not to disturb the evanescent optical wave with the IDT electrodes, the electric field inside the LN for the piezo
12
TABLE A1. Expected system parameters for a LN sphere with D = 330 µm.
Parameter Value
Optical parameters
Qopt 5× 10
7
ωopt/2pi 300 THz
κint/2pi 6 MHz
γint/2pi 6 MHz
SAW parameters
QSAW 5× 10
4
Ω/2pi 274 MHz
Γint/2pi 5.5 kHz
Γext/2pi 0.90 kHz
Γext/Γint 0.16
Photoelastic coupling
g0/2pi 2.00×10
2 Hz
excitation can rapidly diminishes, and many IDTs are necessary for the compensation. We numerically calculate 60
pairs of unidirectional IDTs with 500 nm air-gap can enhance the external coupling to Γext/2π = 0.90 kHz.
Based on these improvements, the expected system parameters are listed in Table S1. Using these parameters, we
calculate the conversion performance with respect to the piezoelectric external coupling for an optical input power
of P = 3 µW. For the calculation, we assume a critical coupling (γin = γex), which set the maximum obtainable
conversion efficiency η = 0.5. The system also satisfy the triple-resonance condition. C0 and ηint =
4C
(1+C)2 are the
single photon cooperativity and the internal conversion efficiency, respectively. We estimate a maximum conversion
efficiency of η = 6.9× 10−2 at Γext/Γint = 0.16.
The numerical results are to be compared with the recent activities compiled by W. Jiang et al. [25]. The relatively
large device size compared to other studies comes in price with a small C0. However, it is largely compensated by
the high Q-factor, resulting in relatively large cooperativity and conversion efficiency with a small input power. As
a quantum transducer, it would be greatly beneficial if the SAW frequency can be in a GHz range, exceeding the
typical frequency scale (∼ 200 MHz) of the thermal energy in the dilution refrigerator environment (T = 10 mK). The
SAW frequency in this device is determined by the birefringence of the material, which only slightly changes with the
geometrical alteration.
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